Treatments for childhood cancer can impair pulmonary function. We assessed the potential impact of cigarette smoking on pulmonary function in 433 adult childhood cancer survivors (CCS) who received pulmonary-toxic therapy, using single breath diffusion capacity for carbon monoxide corrected for hemoglobin (DLCO corr ), forced expiratory volume in 1 second (FEV 1 ), forced vital capacity (FVC), and total lung capacity (TLC). FEV 1 /FVC median values among current [1.00; interquartile range (IQR): 0.94-1.04] and former smokers (0.98; IQR: 0.93-1.04) were lower than those who had never smoked (1.02; IQR: 0.96-1.06; P ¼ 0.003). Median FEV 1 /FVC values were lower among those who smoked ! 6 pack-years (0.99; IQR: 0.92-1.03) and those who smoked <6 pack-years (1.00; IQR: 0.94-1.04), than among those who had never smoked (P ¼ 0.005). Our findings suggest that CCSs have an increased risk for future obstructive and restrictive lung disease. Follow-up is needed to determine whether smoking imparts more than additive risk. Smoking prevention and cessation need to be a priority in this population. Cancer Epidemiol Biomarkers Prev; 23(9); 1938-43. Ó2014 AACR.
Introduction
Five-year survival for childhood cancer increased from less than 50% before 1970 to 83% in 2009 (1) , resulting in greater attention to adverse late outcomes among more than 420,000 survivors estimated to be in the United States (2) . Childhood cancer survivors (CCS) have increased mortality from pulmonary complications (3) . Among those exposed to pulmonary-toxic cancer treatment, 65.2% reportedly have abnormal pulmonary function (4) .
We hypothesize that cigarette smoking, a well-established risk factor for pulmonary disease (5), may exacerbate pulmonary impairment among CCS exposed to pulmonary-toxic therapy. Although adult CCSs have lower rates of cigarette smoking than the general population (5, 6 ) and those of healthy control subjects (7, 8) , one-third report having initiated smoking during their lifetime, one-fifth continue to smoke (6) , and they may be less likely than noncancer survivors to quit smoking (9) .
The impact of smoking on pulmonary function among CCS at risk for therapy-related pulmonary dysfunction has not been well assessed. We undertook the present analysis to determine whether an adverse effect of smoking is already apparent in a young cohort of CCS.
Materials and Methods
Participants were identified from the Institutional Review Board-approved St. Jude Lifetime Cohort Study (SJLIFE; refs. 10, 11), composed of individuals treated for a childhood malignancy at St. Jude Children's Research Hospital (Memphis, TN) who are >10 years from diagnosis and ages >18 years.
Risk-based assessment of pulmonary function was performed according to the Children's Oncology Group LongTerm Follow-Up Guidelines for Survivors of Childhood, Adolescent and Young Adult Cancer if their cancer treatment included pulmonary lobectomy, pulmonary metastasectomy or pulmonary wedge resection, bleomycin, busulfan, lomustine (BCNU) or carmustine (CCNU), or radiation therapy treatment to the chest (thorax), whole lung, mediastinum, axilla, mini-mantle, mantle, extended mantle, total lymphoid irradiation, subtotal lymphoid irradiation, or total body irradiation (12) . Surgical procedures, cumulative doses for chemotherapeutic agents, and radiation treatment fields, dose, and energy source were obtained from medical records by trained abstractors using standard methods (10). (16, 17) . Results are expressed as percentage of predicted using race-, age-, and sex-appropriate equations. Obstructive lung disease (FEV 1 /FVC < 0.70) was evaluated using the GOLD (Global Initiative for Chronic Obstructive Lung Disease) criteria (18) . Restrictive lung disease (TLC < 75% predicted) was evaluated using the Guide to the Evaluation of Permanent Impairment (19) . Participants reporting having smoked more than 100 cigarettes in their life were considered smokers (20) , and pack-years of tobacco use were calculated from self-reported smoking history (6) .
The null hypotheses of equal distributions of pulmonary measures between current, former, and never smokers, as well as between smokers smoking !6 pack-years, <6 pack-years, and never smokers were tested using the Kruskal-Wallis test. Pairwise comparisons between these groups were performed using the Dwass, Steel, CritchlowFlinger multiple comparison procedure (DSCF). Associations for categorical variables were compared using c 
Results
At the time of this analysis, 433 of 719 SJLIFE participants (60.2%) who fulfilled the eligibility for pulmonary evaluation had completed pulmonary function testing ( Supplementary Fig. S1 and Supplementary Table S1 ). The median age of our study population was 35 years [interquartile range (IQR): 30-41]. The median time since diagnosis was 23 years (IQR: 18-29). With the exception of race/ethnicity, demographic and therapy-related exposure factors did not differ according to smoking status (Table 1) .
Current smokers had smoked a median of 8.1 packyears (IQR: 3.1-16.5). Former smokers had smoked a median of 4.5 pack-years (IQR: 1.5-9.6), and quit smoking a median of 10.0 years (IQR: 5.0-16.0) before assessment of pulmonary function.
The distributions of FEV 1 /FVC for current, former, and never smokers were different (P ¼ 0.003; KruskalWallis; Fig. 1A) , with poorer pulmonary function on average for current and former smokers. FEV 1 /FVC values were progressively worse for survivors who smoked <6 pack-years and !6 pack-years compared with survivors who never smoked (P ¼ 0.005; KruskalWallis; Fig. 1B) . Current smokers had lower median DLCO corr compared with former smokers and nonsmokers (Table 2 ) and the DLCO corr distribution between current, former, and never smokers was different (P ¼ 0.017; Kruskal-Wallis). The distributions of TLC did not differ statistically by smoking status (P ¼ 0.11; KruskalWallis). Analyses restricted to the 282 survivors with pulmonary radiation but not pulmonary toxic chemotherapy, provided essentially identical median values (Supplementary Table S2 ).
Only one former smoker and one individual who had never smoked met the criterion for diagnosis of obstructive lung disease (FEV 1 /FVC < 0.70). In contrast, restrictive lung disease (TLC < 75%) was present in 25.3% of current smokers, 30.4% of former smokers, and 34.6% of those who had never smoked, although random variability may explain the differences by smoking status (P ¼ 0.27; c 2 ).
Discussion
Given the established association between cigarette smoking and impaired pulmonary function in the general population (21) , one might expect a negative impact of smoking among CCS, particularly those who have sustained exposures to pulmonary-toxic cancer treatments. We present empirical data documenting the occurrence of impaired pulmonary function among CCS who smoke. Our findings are particularly important given the young age of the study population (i.e., median of 35 years, with 50% being between the ages of 30 years and 41 years) and low cumulative exposure to cigarettes (with a median of only 6.4 pack-years). Pulmonary function among nonsmokers naturally declines with increasing age (13) .
The magnitude of functional impairment is correlated with the total pack-years of cigarette smoking, is apparent in noncancer populations after as few as 10 pack-years, and is characterized by declines in FEV 1 , consistent with obstructive pulmonary disease (22) . Participants in the Lung Health Study demonstrated continued deterioration of their pulmonary function during the course of the study, with follow-up extended as long as 11 years after initial study enrolment. Among those randomized in the Lung Health Study to usual care who continued to smoke, FEV 1 % predicted decreased 1.44%/year, compared with 1.02%/year among intermittent smoking quitters and 0.40%/year among permanent smoking quitters. This suggests that, in this population of middle aged (35-60 years at study entry) cigarette smokers, those who smoked intermittently during the course of the study resembled those who continued to smoke continuously more closely than those who had quit smoking (23), a finding that is consistent with our results of a dose-response relationship between DLCO corr and FEV 1 /FVC and pack-years.
We identified a negative impact of smoking in a young population with modest smoking exposure. These survivors may be at risk of accelerated progression of serious pulmonary morbidity and mortality. For example, CCS at risk for treatment-related adverse cardiac outcomes experience a greater than additive risk from modifiable cardiac risk factors such as hypertension, obesity, and dyslipidemia (24), a scenario that is possible for adverse pulmonary outcomes and interaction between pulmonary-toxic therapy and smoking. The present study has several limitations. Smoking history was ascertained by participant self-report. The accuracy of self-reported smoking varies not only by study population, but also by the gold standard used for comparison (e.g., saliva or urine cotinine; ref. 25) . Unfortunately, the accuracy of self-reported smoking among adult CCS is unknown, and we lacked a gold standard measurement for comparison. In addition, we did not have a concurrent control group. However, there are widely accepted age-, sex-, and race-specific normative values for pulmonary function tests (PFTs) in the U.S. population, which we utilized to calculate our pulmonary outcomes, expressed as the percentage of predicted. Thus, the results we report are adjusted to a normative population.
Regardless of the magnitude of the future risk, our data reinforce the urgency of applying known effective approaches for smoking cessation to the estimated 17% to 23% of CCS who smoke (6) . Of greater importance is the need to integrate programs for effective smoking prevention (5) into the care of newly diagnosed pediatric cancer patients as well as the ongoing care and follow-up of CCS. Furthermore, continued follow-up and evaluation of this high-risk population will provide insights into the level of risk smoking imparts.
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